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ABSTRACT 

A radio study of a carefully selected sample of 20 Seyfert galaxies that are matched in orientation- 
independent parameters, which are measures of intrinsic active galactic nuclei (AGN) power and host galaxy 
properties is presented to test the predictions of the unified scheme hypothesis. Our sample sources have core 
flux densities greater than 8 mJy at 5 GHz on arcsec-scales due to the feasibility requirements. These simul- 
taneous pc-scale and kpc-scale radio observations reveal (i) that Seyfert 1 and Seyfert 2 galaxies have equal 
tendency to show compact radio structures on mas-scales, (ii) the distributions of pc-scale and kpc-scale radio 
luminosities are similar for both Seyfert 1 and Seyfert 2 galaxies, (iii) no evidence for relativistic beaming in 
Seyfert galaxies, (iv) similar distributions of source spectral indices in spite of the fact that Seyferts show nu- 
clear radio flux density variations, and (v) the distributions of projected linear size for Seyfert 1 and Seyfert 2 
galaxies are not significantly different as would be expected in the unified scheme. The latter could be mainly 
due to a relatively large spread in the intrinsic sizes. We also find that a starburst alone cannot power these 
radio sources. Finally, an analysis of the kpc-scale radio properties of the CfA Seyfert galaxy sample shows 
results consistent with the predictions of the unified scheme. 
Subject headings: Galaxies: Seyfert - Radio continuum: galaxies 



1. INTRODUCTION 

Active galaxies are classified according to their appearance, 
luminosity, and spectra into the following principal types: 
Seyfert galaxies, radio galaxies , qu asars, and BL Lacertae ob- 
jects. Khachikian & Weedman (1974) identified two types of 
Seyfert galaxies on the basis of the widths of the nuclear emis- 
sion lines. While spectra of type 2 Seyfert galaxies have a 
single set of relatively narrow emission lines (whose width 
can be characterized in terms of full width at half maxi- 
mum, FWHM ss 300-1,000 km s"'), the spectra of type 1 
Seyfert galaxies have an additional much broader compo- 
nent (FWHM > 1,000 km s"') of hydrogen and helium lines. 
In the simplest cases, the broad component is either absent 
(Seyfert 2) or strong and dominant (Seyfert 1). With better 
data, it became clear that there is a wide range in the relative 
strength of the broad and narrow emission lines, and this led 
to refinement of the Seyfert classific ation by in troducing inter- 
mediate types (O sterbrock 1981 : Osterbrock& Pogge 1985) . 
As the broad component of H/3 becomes weaker relative to 
the narrower component, the Seyfert type changes from 1 to 
1.2 to 1.5 to 1.8. For Seyfert 1.8 galaxies, weak broad wings 
are just visible at the base of H/3, while in Seyfert 1 .9 galaxies 
they are only visible on the Ha emission line at 6563 A. In 
practice, these Seyfert sub-types have not been formally de- 
fined but instead give an overall indication of the degree to 
which the broad component is present. 

The technique of spectropolarimetry yielded spectra that 
showed broad lines in polarized light in Seyfert 2 galaxies. 
This polarized light was interpreted to be the light that was 
initially moving out of the nucleus in one direction which 
was then reflected into our line of sight. Such a technique 
could detect broad line regions (BLRs) in a Seyfert 2 galaxy, 
e.g. NGC 1068 (Miller & Goodrich 1990). This led to the 
unified scheme model (lAntonuccil 1 1 9931: iLawrence & ElvisI 



120101) . which is the key idea being used to organize and make 
sense of our large and growing observational information 
about Seyfert galaxies, i.e. Seyfert 2 galaxies are intrinsically 
Seyfert 1 galaxies whose continuum and broad-line emission 
is attenuated in the direction of the observer 

Several investigations in the literature have yielded re- 
sults consistent with the predictions of this scheme, e.g., 
the featureless continuum is stronger i n Seyfert 1 t han i n 
Seyfert 2 gal a xies (lLawrenceill987l: iMas-Hesse et all 1 19941) . 
iKinney et alJ (Il99lh showed similar ultraviolet slopes for 
Seyfert 2 and Seyfert 1 galaxies. The active galactic nu- 
cleus (AGN) of Seyfert 2 galaxy is clearly seen in Ha, 
but is barely detected in the ultraviolet images (IColina et al.l 
IT997h . The ionizing radiation is roughly collimated before 
emerging into the narrow line regi on perhaps due to an ob- 
scuring torus (iWhittle et al.llT988l) and is sometimes cone- 
shaped (iPoggell 19891: lEvans et al.1 I1991A|Ib1 [1991 [T99l . 
whi ch appear smaller in Seyfert 1 than Seyfert 2 galax- 
ies (Kriss et al."1994'; Mulchaey, Wilson, & Tsvetanov 19961 
Colinaetal. 1997; Heckmanetal. 1997; Munoz Marin et al] 
,20071: iGonzalez-Delgado et all 119981). Furthe r more for a 
given far-infrared lurninosity. ILaw rence & ElvisI (119821) found 
a significant lack of soft X-ray emission in Seyfert 2 galax- 
ies compared to Seyfert 1 galaxies (see also 'Mas-Hesse et ajj 
1994; Cappietal. 1991) and |Mas-Hesse et al. (1994) found 
similar distributions of the hard X-ray emission for both kinds 
of Seyfert galaxies. M aiolino et al.. (1997) and Cun'an (2000l) 
found no differences in the mean ratio of CO and far-infrared 
luminosity between the two Seyfert classes suggesting that 
both Seyfert types ha ve the same amount of molecular gas. 
iMorganti et al.l (119991) found that Seyfert 2 galaxies tend to 
have a larger projected radio linear size than Seyfert 1 galax- 
ies, whereas there is no statistically significant difference in 
radio p ower between S e yfert 1 and Seyfert 2 galaxies. Re- 
cently, iGallimore et al.l (120101) found that Seyfert I's show 
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silicate emission on average and Seyfert 2's show silicate 
absorption, which is broadly compatible with the obscuring 
torus interpretation. While the unified scheme is simple and 
attractive, there are some observational results that are incon- 
sistent with it, such as, the presence of relatively you ng (^1 
Gyr) stellar populations in Seyfert 2 ga laxies (.Schmitt et alJ 
19991: [G onzalez-Delgado et al. 2001; Raimann et all l2003h : 
MaUcan. Goriian. & Tarn (,1998.) found that Seyfert 2 galaxies, 
on average, tend to have later morpholog i cal typ es than the 
Seyfert 1 galaxies; iDultzin-Hacyan et al.l (Il999h confirmed 
that Seyfert 2 galaxies have an excess of nearby companions 
over Seyfert 1 galaxies; the scattered BLR is not detected in 
many Seyfert 2 galaxies (Trarn ,20011 12003 | ); a lack of X-ray 
absorption in several Seyfert 2 galaxies dPanessa & Bassaifil 
|2002); Seyfert 2s having a higher prope nsity for nuc lear star- 
bursts (Buchanan et al. 2006); and Roy et al.l (11994 found a 
lower detection rate of compact radio cores in Seyfert 1 than 
Seyfert 2 galaxies. 

It was Roy et al.'s (1994) observational result which 
prompted us to commence this study. In the unified scheme, 
since the torus is expected to be transparent to emission at 
radio wavelengths, the compact features should be similarly 
visible in Seyfert 1 and Seyfert 2 galaxies. Further, the incon- 
sistency with the unification scheme cannot be eased by in- 
voking relativistic beaming, because then, the face-on AGNs, 
viz., Seyfert 1 galaxies, would be more likely to show compact 
structures. We aimed to rigorously test the predictions of the 
unified scheme by investigating the compact radio morphol- 
ogy of Seyfert galaxies. To achieve this goal, we constructed 
a sample of Seyfert 1 and Seyfert 2 galaxies that are matched 
in orientation-independent parameters, which are measures of 
intrinsic AGN power and host galaxy properties. 

In this paper we first describe the construction of the sam- 
ple (Section |2| and use the radio maps for 15 objects pre- 
sented in our earlier paper (Lai, Shastri, & Gabuzda 2004| 
along with previously published data for the remaining five 
objects to interpret our results and their implications on the 
unification scheme hypothesis (Section|3]l. In Section [3^ we 
also interpret the results of arcsec-scale radio observations 
of Ku kula et al. (1995) for the CfA Seyfert galaxy sample 
dHuchr a & Burg 1992) and their implications on the unifica- 
tion scheme hypothesis. Finally, we summarize our conclu- 
sions in Section|4] 

Throughout the paper we use the terms "pc-scale" and 
"kpc-scale" interchangeably for "mas-scale" and "arcsec- 
scale", respectively. We also use "face-on" and "edge- 
on" interchangeably for "Seyfert 1" and "Seyfert 2" galax- 
ies, respectively. We assume a cosmology with Hq = 75 
km s~' Mpc"' and qo = 0. We define the spectral index a in the 
sense that 5^ oc i^"", where Si, and v are flux density and fre- 
quency, respectively. Since, we are dealing with small number 
statis tics, we use Mann- Whitney U tesfl (.Siegel & Castellag 
119811) to test die nuU hypofliesis. 

' Mann- Whitney U test is a non-parametric statistical liypothesis test for 
small sample sizes, <20 iSiegel & Castellan 1981). It analyzes the degree 
of separation (or the amount of overlap) between the two groups. For exam- 
ple, the null hypothesis assumes that the two Seyfert sub-sample types are 
homogeneous and come from the same population (significance level, say < 
0.05). The test involves the calculation of a statistic, called U, whose distri- 
bution under the null hypothesis is known. Significance is verified by using 
the computed test statistic (e.g., U) and comparing this statistic (probability 
value) with the Null Hypothesis value (< 0.05). If the former exceeds the 
latter, there is certainly sufficient evidence to accept the Null Hypothesis. For 
large samples, U is approximately normally distributed. 



2. SAMPLE 

The differences observed in samples of Seyfert galaxies 
can be explained by the selection techniques used for assem- 
bling them. For example, in the Markarian Survey, spec- 
troscopic investigations have shown that ^ 10% of all dis- 
covered 1500 galaxies with a strong ultravi olet cont inuum 
are Seyfert galaxies (Markarian 1967; Marka nan et al.| [l986). 
Therefore, such a sample suffers from deficiency of Seyfert 2 
galaxies, which is most probably a result of the survey se- 
lection effect. This is due to the fact that Seyfert 2 galax- 
ies do not have excessive ultraviolet continua due to obscura- 
tion and thus could ea sily elude the ultraviolet search method 
dMeurs & Wilson|[T98 4). The CfA Seyfert galaxy sample is 
the first of the optically selected complete samples with spec- 
troscopic identifications and is due to lHuchra & BurgI (119921) . 
The sample has an equal number of Seyfert 1 and Seyfert 2 
galaxies (25 & 23 respectively). The unresolved optical nu- 
cleus of a Seyfert grows fainter with the square of distance, 
whilst the surface brightness of its host galaxy remains con- 
stant over a constant aperture. Therefore, in this sample the 
ratio of the two components, the host galaxy surface bright- 
ness t o the active nuc l eus su rface brightness, is highly vari- 
able. iHo & UlvestadI (120011) have discussed that the optical 
and ultraviolet selected samples are likely to have inherent bi- 
ases against the obscured sources. Similarly, the IRAS survey 
would most probably detect reddened Seyfert 1 galaxies, but 
it may not be easy to iso late them f rom the m uch more lumi- 
nous starburst galaxies (lHeckmaniri990A.B; IHo & UlvestadI 
120011; [Buchanan et alj2006l) . In other words, the Seyfert sam- 
ples based on the IRAS survey would be contaminated due 
to the presence of luminous starburst galaxies. Soft X-ray 
surveys may contain a larger fraction of soft X-ray Seyfert 1 
galaxies, since Seyfert 2 galaxies are w eak soft X-ray sources 
jVeron 1986; Lawren ce & Elvisl2010l) . It therefore seems that 
most of the Seyfert galaxy samples (optical, infrared, and/or 
X-ray) have their biases and hence do not provide a good plat- 
form to test the unification scheme hypothesis. A Seyfert sam- 
ple selected based on the orientation-independent parameters, 
which are measures of AGN power and host galaxy properties, 
would provide a good platform to test the predictions of the 
unification scheme hypothesis. 

2.1. Bona fide Seyfert galaxies 

The similarities between the nuclei of Seyfert galaxies and 
QSOs have often been pointed out (Seyfert and starburst 
galaxies: JDahari & De Robertis (1988); low-ionization nu- 
clear emission l i ne reg i ons (LINERs ) and radio-quiet q uasars: 
IHo & UlvestadI (l200l . | Falcke et al.1 (l2000h. lHo et alJ (17997): 
Low-Luminosity AGN: iNagar et al. (20()5^; etc.), and numer- 
ous efforts have been made to demonstrate a continuity be- 
tween these objects. Any Seyfert sample is rarely ever free 
from starburst galaxies, LINERs, radio-quiet quasar s, or radio- 
loud objects (Kauff mann et al, 2 003 A B; Krongold et alj 
"2002; Levenson et al.1 120011; IStorch i-Bergm ann et al.l 120011 
iHunt & Malkan, 19991) . Thus, we require the Seyfert galax- 
ies that we select satisfy the following definition: 

• Its host is a spiral galaxy (iWeedmanI 11977!) of Hub- 
ble t ype SO or later (i.e. SO, Sa, Sab, Sb, Sbc, and 
Sc) (Sandagel I1975D. Radio -loud AGNs tend to re - 
side in elliptical host galaxies dUrrv & Padovanil 19951) , 
and radio-quiet AGNs inhabit mostly spiral galaxies. 
Thus we avoid any confusion due to the dichotomy of 
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host-galaxy type which may be linked with the radio- 
loud /radio-quiet dichotomy. 

Objects have low optical luminosit y, > -23, in 



order to avoid radio-quiet quasars (ISchmidt & GreenI 
[T983I). 

• It is a radio-quiet object, i.e. the r atio of 5 GHz to 
^-Ba nd flux density is less than 10 (iKellermann et alJ 
[T989b . 

• The nuclear line width of permitted line, WPfWEM 

S or YiaFWHM), is more t han 1,000 km s"' 
Khachikian & Weedmanll 1974h for Seyfert 1 galaxies, 
and Une intensity ratio of [O III] A5007 to H/? is greater 
than three for Seyfert 2 galaxies ("Dahari & De Robertis| 
[1988 ). LINERs (or HII region) galaxies occasionally 
show nuclear WfiFWH M (or H-aFWHM) line \y i dth more 
than 1,000 krn s"' jHo & UlvestadI l200lt iHo et alJ 
119971: iPetersonll 19971 p. 24), but such galaxies never 
show line intensity ratio of [O III] A5007 to H/3 greater 
than three (Ho, FiliDn)enko, & Sargent 1996; Kroli3 
|i999, p. 318). Or in other words, LINERs have a char- 
acteristically lower ionization state than Seyfert nuclei. 
Thus, we attempt to avoid any likely contamination 
due to the presence of LINERs and H II region galaxies 
in our Seyfert sample. 

2.2. Criteria for the feasibility of our experiment 

The sensitivity of an array is defined by the Sy stem Equiv- 
alent Flux Density {SEFD) ( IWrobellll995l 120001) . The root- 
mean-square (RMS) thermal noise AS in the visibility ampli- 
tude of a single polarization baseline between antennas / and 
7 is 

1 JSEFDi X SEFDi 
AS = — X ^ — ^ Jy 

Vs v2xAi/xr 



(|Wrobel"1995', '2000), where ijs < 1 accounts for the very- 
long-baseline-interferometry (VLBI) system inefficiency; r is 
the integration time (in seconds) for an individual scan, which 
should be less than or equal to the coherence time, and Aiy 
is the bandwidth (Hz). Next, the RMS thermal noise A/,„, 
expected in a single polarization image, assuming natural 
weighting (Wrobel 1995) is 



1 SEFD 
AI,„ = — X 

Vs VNx{N^^r)xAi7xti„, 



Jy beam ' , 



where is the number of antennas used and f„„ is the total in- 
tegration time on source. For example, the RMS noise level a 
on a baseline between two very-long-baseline-array (VLBA) 
antennas for a data rate of 128 Mbits s"\ 2 min scan integra- 
tion time, and 6 cm observing wavelength is 4.7 mJy (Wrobel 
HOOO). A signal of 6a (= 28.2 mJy) is required to ensure reli- 
able detection of the correlated signal; i.e., the minimum de- 
tectable correlated flux density on each baseline. We further 
adopted a scan integration time of 8.8 min, which does not 
exceed the expected coherence time at 6 cm. A single tape 
pass lasts 44 min; with a scan duration of 8.8 min, exactly 
five scans will fit in each tape pass. Increasing the scan inte- 
gration time will decrease the detectable flux density on all 
baselines; also adding the sensitive Effelsberg and phased- 
very-large-array (phased- VLA) to the array will provide ad- 
ditionally reduced detectable flux densities on baselines in- 
volving these antennas. Hence, we decided to use 11 US 



TABLE 1 

Table showing 6cr correlated flux densities, 
minimum reliably detectable flux densities on 

various baselines for a data rate of 128 
Mbits s^', a scan integration time of 8.8 min, and 
an observing frequency of 5 ghz. 



Baseline 


Correlated flux density 


Phased- VLA and Effelsberg 


~ 0.7 mJy 


Phased- VLA and VLBA-station 


~ 2.6 mJy 


Effelsberg and VLBA-station 


~ 3.4 mJy 


VLBA-station and VLBA-station 


~ 13.5 mJy 



Stations (10 VLBA antennas and the phased- VLA) and three 
European- VLBI-Network stations. Torun and Noto stations 
along with Effelsberg provided us with a closure triangle in 
Europe and gave a range of baseline lengths for the sensi- 
tive baselines involving Effelsberg antenna. Similarly VLBA 
stations spread all over the United States provided us with 
a range of baseline lengths for sensitive baselines involving 
phased- VLA. Table [T] gives 6a correlated flux densities, min- 
imum reliably detectable flux densities on various baselines 
for a data rate of 128 Mbits s"', a scan integration time of 
8.8 min, and an observing frequency of 5 GHz. Finally, if we 
wish to have at least ^ 4 mJy of correlated flux density, corre- 
sponding to the 6a detection limits for baselines between one 
of the smaller antennas in the array and either the phased- VLA 
or Effelsberg, the flux density in compact arcsec-scale struc- 
ture must be ^ 8 mJy, assuming that 50% of the flux density 
seen with arcsec-scale resolution would be detected with the 
above baselines. 

Therefore, the following constraint was enforced for the 
feasibility requirements: The source must have been observed 
with at least arcsec-scale resolution, at wavelengths of 6 cm 
(i.e., VLA A or B array observations at these wavelengths), and 
it must have a detected compact component with flux density 
greater than 8 mJy. For objects that do not have Ag cm mea- 
surements, we used A3 6 cm VLA A array flux densities and as- 
sumed a flat spectral index between these two wavelengths for 
these objects. This constraint provides us with a reasonable 
sample size with minimum correlated flux density that is de- 
tectable on baselines involving Effelsberg antenna or phased- 
VLA. 

2.3. Criterion to minimize obscuration of optical properties 

Next, we restrict our list of objects to those with a ra- 
tio of minor to major isophotal diameter axes of the host 
galaxies greater than half. We thereby exclude edge-on spi- 
ral hosts and hence try to minimize obscuration of optical 
properties due to transmission through an edge-on galactic 
disk. Figure [T]\ shows the distribution of the ratio of mi- 
nor to major isophotal diameter axes, b /a, for the final list of 
objects for the two Seyfert sub-classes. The isophotal diam- 
eter ratios are gleaned f rom |de Vaucouleurs e t al. (1991) and 
'Lipovetsky et al.' ('1988') catalogs. We note th at Pringle et al] 
(1999 ); Schmitt et a l. (2001) and iNagar & Wilson (19991 
have shown that there is no correlation between the host 
galaxy rotation axis and the direction of the radio jet. 

2.4. Criteria based on orientation-independent parameters 

We discussed in Section [T] that Roy et al.'s (1994) result 
is inconsistent with the unified scheme hypothesis and the in- 
consistency is only made worse by invoking relativistic beam- 
ing. To rigorously test the predictions of the unified scheme. 
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the purportedly face-on and edge-on Seyfert galaxies being 
compared should be intrinsically similar within the frame- 
work of the scheme. They should therefore be selected so 
that they are matched in parameters that are orientation inde- 
pendent. We attempt to do this with orientation-independent 
parameters that are measures of intrinsic AGN power and host 
galaxy properties. Such a selection would enable us to test 
the predictions of the unified scheme hypothesis rigorously. 
Therefore, from the short list of o bjects that met the criteria 
given in Sections [2. 1112.21 and l2.3l we chose 10 Seyfert 1 and 
10 Seyfert 2 galaxies, i.e., two matched samples of Seyfert 1 
and Seyfert 2 galaxies, such that these two matched sam- 
ples had similar distributions of the following orientation- 
independent parameters. 

2.4.1. Heliocentric redshift 

In order to compare the Seyfert 1 and Seyfert 2 galaxies 
from the same volume of space, we chose them to have similar 
distribution of redshift. Figure [T}J shows the distribution of 
redshift, z, for the two Seyfert sub-classes. 

2.4.2. Luminosity of the [O III] \5007 emission line: Measure of 
intrinsic AGN power 

It is well known that narrow-line luminosities, e.g., the 
luminosity of the [O III] A5007 emissio n line correlate 
strongly with nuclear io nizing luminositv (.Nelson & Whitd3 
[L995; Whittle 1992B1Ic1 lYeeill980l: lShudeiill981h . Further- 
more, although spati ally it could be distributed anisotrop- 
ically (Pogge 1989: lEvansetalJ 1991A B) its luminosity 
is clearly orientation independent. We therefore use the 
[O III] A5007 luminosity as a m easure of the intrinsic AGN 
power (iNelson & Whittld Il995h . and we chose only those 
Seyfert 1 and Seyfert 2 galaxies that had similar distribution 
of [O III] A5007 luminosity. Figure [T]Z! shows the distribution 
of [O III] A5007 luminosity for the two Seyfert sub-classes. 

2.4.3. Stellar luminosity' of the host galaxy 

The host galaxy properties of Seyfert galaxies ought to be 
orientation independent within the unified scheme. Hence, 
we chose stellar luminosity of the host galaxy (total lumi- 
nosity of the host corrected for the nuclear non-stellar and 
emission line flux, redshift (K) correction, the internal absorp- 
tion, and the Galactic absorption) as one of the parameters. 
Most of our sample objects have stellar absolute magnitude 
of the host galaxy, i.e., M^'"' tabulated in Whittle (I1992AI) . 
To determine corrections to total apparent magnitude, Bj- (for 
Mrk 1218, NGC 2639, and Mrk 231), for which M^°'^' is not 
available in 'Whittle! (1 1992 A), we stick to the methodology of 
[Whitde ( 1992A). Four factors, together called ( Am)™™'="°", 
contribute to Bj-, the first is the nuclear non-stellar and emis- 
sion line flux, Am^i, the second is the redshift (K) correc- 
tion, Amjf , the third is the correction for internal absorption. 
Am,, and the fourth is the correction due to galactic absorp- 
tion, Amc. Thus 

B"r = Br + (Am)™™'="°", 

where 

(Am)™"""'^'™ = AniA + AniK+Ami+Amc, 

which typicaUy is <0.4 (IWhittlel[T992Ah. The third refer- 
ence catalogue of bright galaxies ('RC3. lde Vaucouleurs et al.l 
[1991 catalog gives B" , i.e. the Bt corrected for redshift (K) 



correction, the correction for internal absorption, and the cor- 
rection due to galactic absorption, i.e. 

Bj=BT + AmK+Ami+Amc. 
We then determine B^, using 

Bj=Bj + AmA. 

Am^, correction due to the non-stellar line and continuum 
emission is derived from the two li ne fluxes F5007 a nd Ffjfs, 
following the procedure described in IWhittlel (1 1 992AI ) . If only 
one of Fsoov or Fh/s is available, as is the case for NGC 2639, 
the other is estimated using F5007 /Fnp = 0.25 for a Seyfert 1 .0. 
As a function of redshift, z, the effective continuum flux den- 
sity, Fc, 

Fc = FcF + FcH + FcC , 

in ergs s"' cm"^ A"' in the B band due to forbidden and 
Balmer emission lines is approximated by 

F,F ~ (0.62-3.5Z) ^5007/980 (z < 0.02), 

FcF ^ 0.55 F5007/98O (0.02 <z< 0.07), 

F,H ^ 1.42 Fh p/9S0 (z<0.03), 

FrH (1.51-3.14z)Fh/3/980 (0.03 < z < 0.07). 

The non-stellar continuum luminosity is derived from Hf3, as- 
suming a power law with spectral index a (F^, oc ly"). The 
effective continuum flux density in the B Band is given by 

F,c ^ 1.10<"-'2>(l+z)*"+2'F/f^/100. 

We adopt a = -1.0 for the non-stellar continuum since this 
corresponds to the canonical nuclear colors of Seyfert 1 galax- 
ies (a = -1 .0 is equivalent to U-B = -0.75, B-V = +0.41). The 
total non-stellar contribution gives 

AniA = 2.5 logi ), 

Fc 

which is subtracted from B^- to give for Mrk 1218, 
NGC 2639, and Mrk 231. Mg'"' of the host galaxy is then 
determined using 

<" = ^^^-^'^^"'(to^)' 

where r is the distance to the object in parsec. Figure [TJ) 
shows the distribution of the total stellar absolute magnitude, 
M^""', for the two Seyfert sub-classes. 

2.4.4. Absolute bulge luminosity of the host galaxy 

'Whittle ( 1992Ah has argued that the nuclear stellar velocity 
dispersion is a measure of the depth of the gravitational po- 
tential within a scale of ^ 3 kpc. Further, dispersion velocity 
of stars correlates with the absolute bulge magnitude ( Whittla 
1992A; Nelson & Whittle 1995). We took this depth of grav- 
itational potential, i.e. the absolute magnitude of the bulge 
M^"'^'', to be an indicator of intrinsic AGN power Once again, 
the determination of M^"'^*^ was performed in the following 

manner: M^"'^'' is available for most of the objects in lWhittl3 
( |1992A >). For Mrk 1218, NGC 2639, Mrk 2 31, and Mrk 477, 
we use the formulation adopted by WhittQ (ll992Ah . i.e. 

M^""^^=Mr'-(Am)disk, 
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Fig. 1. — Histograms showing distributions of ratio of tlie minor to tlie major isopliotal diameter axes, b/a (A), redshift, z (B), [O III] A5007 
luminosity (C), total stellar absolute magnitude of the host galaxy, Mg (D; values in the bin indicate Mg for the sources), absolute magnitude 
of the bulge (6 band), Mg ''^ (E; values in the bin indicate Mg ^'^ for the sources), the Hubble type, T (F; mainly gleaned from RC3 catalog, or 
[whi ttle 1992A, or Lipovetsky et al. 1988), and the Hubble type, T (G; mainly gleaned from Malkan, Gorjian, & Tam 1998, or RC3 catalog, or 
Whittle 1992A, Lipovetsky et al. 1988) for the final list of objects for the two Seyfert sub-classes. 



where 

(Am)disk = 0.324T-0.054r2 + 0.0047r^ 

where r = T + 5, and T is the Hubble type ( ISandagelll975h . 
Figure [TJi shows the distribution of the absolute bulge lumi- 
nosity, Mg"'^'', of the host galaxy for the two Seyfert sub- 
classes. We therefore tried to ensure that our two sub-samples 
did not differ significantly in the distribution of this parameter. 

2.4.5. Hubble type of the host galaxy 

The Hubble type mainly depends on the size of the 
nuclear bulge relative to the flattened disk (Sandage 
Il975h . iMalkan. Gorjian. & TamI (1998) have argued that 
the Seyfert 1 galaxies are of earlier Hubble type than 
Seyfeit 2 galaxies. We therefore have considered the dis- 
tribution of Hubble type of the host galaxy for our sam- 
ple of Seyfert 1 and Seyfert 2 galaxie s. We use the Hub- 
ble ty pe given in the RC3 catalog ( Ide Vaucouleurs et al] 
119911) for our sample source s, and whe n not available, 
we us e values from Whittle? (1 1992 Ah or iLipovetsky et al.l 
( 119881) . The Hubble type of one o f the ob jects, M r k 1218 , 
which was un avail able in Ide V aucouleu rs et al.l (1199 Ih . 
Whittle' (1992 A'), and 'LipovetsMetall 6198^ " IS taken from 
Malkan. Gorjian. & Tam (.19981) . The distributions are shown 



in Figure [Tf and are statistically not significantly different 
for the two Seyfert sub-classes. We have thus controlled for 
the Hubble type in our sample. Since, the morphological 
class given by Malkan. Gorjian. & Tam (199 8) are based on 
WFPC2, Hubble Space Telescope images, we also in Fig- 
ure [TJj show the distribution of the Hubble type for the two 
Seyfeit sub-samp les where the Hubble types a re preferentially 
gleaned from Malka n. Gorjian. & TamI ('1998), 6 out of 10 
Seyfert 1 and 7 out of 10 Seyfert 2 galaxies, and th en from 
RC3 catalog or Whittle (1992^ or lLipovetskv et al.l (Il988). 

Thus, of the 126 Seyfert galaxies that had VLA data in 
the literature, 54 met our feasibility criterion. Twenty nine 
of these 54 had all the required parameters in the literature. 
From these 29 we could pick 20 Seyferts that met our selec- 
tion criteiia and were matched in the orientation-independent 
parameters. 

2.5. Our Seyfert sample 

Our aim was to study the pc-scale radio morphology of 
Seyfert galaxies so as to test the predictions of the unified 
scheme hypothesis. By matching Seyfert 1 and Seyfert 2 
galaxies in the above parameters, particularly [O III] A5007 
luminosity (an indicator of intrinsic AGN power) and stel- 
lar luminosity of the host galaxy, we ensured that the sam- 
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TABLE 2 

Table showing the list of Seyfert 1 and Seyfert 2 galaxies that constitute our sample, with the 
orientation-independent parameters that were used to constraint it. 



Object 



VLA A array 
compact 



[OIII] 



[OIII] 





(b/a) 


component 


Keasnirt 


line width 


^5007 


luminosity 


n ,f total 


bulge 


T 


T 






(mJy) 




(kms-l) 


(ergs s"') 










(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


Seyfert Is 








605.03 




42.143 


-23.13 








MCG 8-11-11 


0.71 


32.5 


0.025 


3.5' 


-22.10 


1« 





Mrk 1218 


0.58 


23.0 


0.029 


1078.0'' 


3.83 


41.82' 


-21.1' 


-20.04 


I'O 


1 


NGC 2639 


0.60 


23.4 


0.011 


400.0^ 


0.3'' 


39.882 


-21.4' 


-20.33 


1" 


3 


NGC4151 


0.71 


34.0 


0.003 


425.03 


3.3' 


42.193 


-21.23 


-19.99 


2" 




Mrk 766 


0.87 


14.5 


0.013 


180.03 


3.73 


41.773 


-21.03 


-20.01 


1" 


3 


Mrk 231 


0.74 


155.0 


0.042 


> 600.0^ 


0.4' 


40.27' 


-22.3' 


-19.75 


5" 




Ark 564 


0.65 


8.0 


0.024 


240.03 


1.03 


41.72'' 


-21.73 


-20.11 


39 




NGC 7469 


0.72 


21.0 


0.016 


360.03 


0.63 


41.843 


-22.03 


-20.99 


1" 


4 


Mrk 926 


0.67 


9.0 


0.047 


365.03 


0.6' 


42.533 


-22.43 


-21.39 


1' 




Mrk 530 


0.66 


10.0 


0.030 


490.03 


0.3' 


41.263 


-22.73 


-21.20 


3" 


1 


Seyfert 2s 


















0" 




Mrk 348 


1.00 


480.0 


0.015 


365.03 


10.53 


41.693 


-21. l3 


-20.27 





Mrk 1 


0.62 


26.0 


0.016 


520.03 


11.13 


41.853 


-20.33 


-19.46 


0" 


5 


NGC 2273 


0.76 


8.9 


0.006 


110.03 


10.03 


40.923 


-21.03 


-19.97 


1" 


3 


Mrk 78 


0.55 


8.0 


0.037 


1075.03 


13.23 


42.623 


-22.03 


-20.78 


1" 




NGC 5135 


0.71 


15.8 


0.014 


165.03 


5.13 


41.283 


-22.13 


-20.91 


2" 


5 


Mrk 477 


0.78 


18.3 


0.038 


370.03 


8.83 


43.023 


-21.03 


-20.13 






NGC 5929 


0.93 


13.5 


0.009 


415.03 


4.03 


40.633 


-21.43 


-20.13 


2" 





NGC 7212 


0.50 


30.0 


0.027 


435.03 


10.83 


42.343 


-21.23 


-20.22 


!« 




Mrk 533 


0.78 


27.0 


0.029 


350.03 


12.93 


42.263 


-22.73 


-20.68 


4" 


5 


NGC 7682 


0.89 


13.5 


0.017 


255.03 


>4.03 


41.463 


-21. l3 


-19.88 


2" 





References. - 


- (D'Dahari&DeRobertis? ngSSI): (2) IKeel (19831); (3) IWhittld I1992AI): (4) see Section 2.4.4; 


(5) |Kim et alj 



; (11) 



Ide Vaucouleurs et al4 l ,199I.) ; ( 1 2) Lipovetskv et al..tl988i) . 

Note. — Col. (1), sour ce name; coL (2), ratio of minor to major isophotal axes of the ho st galaxies (all entries are from RC3 catalog 
(de Vaucouleurs et aL"199I') except for Mrk 926 source, which is from |Lipov etsky et al.l ^1988f)); col. (3), core flux densities on acrsec-scale 
resolution (flux density of the detected compact core component at on arcsec-scale resolution. NGC 7212: Correlated flux density 

detected at 13 cm by Roy et al. 1 1994) using the PTI inteiferometer. Mrk 533 and NGC 7682: The measurements are at A3. 6 cm on arcsec-scale 
resolution); col. (4), cosmological redshift; col. (5), [O III] A5007 emission line widths; col. (6), line intensity ratios of [O III] A5()()7 and 
H/3; col. (7), luminosities of the [OIII] A5007 emission line; col. (8), stellar luminosities of the host galaxies; col. (9), absolute bulge 
luminosities of the host galaxies; col. (10), Hubble types of the host galaxies (see Section 2.4.5-the morphological class (Hubble type) given 
in RC3 catalog fde Vaucouleurs et al. 1 99 1 ) for our sample sources and when not available, we use values from, in order. Whittle 1 1992A), or 
ILip ovetskv et al. 1 1988), or Malkan, Goriiai i7& Tamlfl99^ ); col. (II), same as col. (10), but the moiphhological class preferentially gleaned 
from Malkan. Gorjian, & Tam 1 1998), which are based on WFPC2, HST images, RC3 catalog, or Whittle ( I992A), or Lipovetsky et al. ( 1988). 



pies of Seyfert 1 and Seyfert 2 galaxies were intrinsically 
similar within the framework of unified scheme. Table |2] 
lists our sample of Seyfert galaxies giving all the orientation- 
independent parameters that were used to construct it, viz., 
ratio of minor to major axis of the host galaxy, the radio 
flux density of the compact component, cosmological red- 
shift, [O III] A5007 emission line width, the ratio of emission 
line intensities of fluxes in [O III] A5007 to H/3, luminosity 
of the [O III] A5007 emission line, stellar luminosity of the 
host galaxy, bulge absolute luminosity of the host galaxy, and 
Hubble type for the two Seyfert sub-classes. 

The fact that we avoided edge-on host galaxies results in a 
selection of samples of Seyfert 1 and Seyfert 2 galaxies dif- 
fering in one intrinsic respect. Thus it follows that our sam- 
ple has a paucity of Seyfert 1 galaxies with their radio-jets in 
the plane of the host galaxy and similarly there is a paucity 
of Seyfert 2 galaxies with their jet-axis perpendicular to the 
plane of the host galaxy. If the gaseous interstellar medium 
(ISM) of the host galaxy has an effect on the propagation of 
the jet through it, then it implies that there is a physical differ- 
ence in this respect between our Seyfert 1 and Seyfert 2 galax- 
ies. However this is unlikely, since many studies indicate that 
the orientation of the AGN axis (and therefore the radio-jet) 



relative to the host galaxy axis is random ([Schmitt et al.EoOll : 
iPringle et al."1999t iNagar & Wilsonlll999 '). and radio^ets on 
all an^lar/linear scales are seen in all orientations. 

In Lai. Shastri. & Gabuzdal ^2004), we presented the ra- 
dio images that were obtained from our observations (project 
code GL022, date of observations February 18, 1998) and de- 
scribed the properties at these scales in the light of past ob- 
servations. The data from these observations along with pub- 
lished radio data for the unobserved (well studied) sources, 
viz. Mrk 348, NGC 4151, Mrk 231 and Mrk 926 at both pc- 
scale and kpc-scales and NGC 5135 at kpc-scales are used to 
discuss the impact on the unified scheme hypothesis. Table[3] 
lists the derived parameters (our and published radio data) for 
our Seyfert galaxy sample; the sequence of sources is ordered 
in right ascension. 

3. INTERPRETATION 

The contradictio n with the unification scheme and 
its resolution: Rov et alj ( 119941) observed far-infrared se- 
lected, mid-infrared selected and optically selected samples 
of Seyfert galaxies with a 275 km lon g, single-baseline, 
the Parkes-TidbinbiUa Interferometer (PTI. Norris et all 19881 
il992B.) at 1.7 and 2.3 GHz. They reported that compact ra- 
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TABLE 3 

Table giving derived parameters for our Seyfert galaxy sample (sources are ordered in increasing right 

ascension). 



Object 


Distance 


toBi — 


g total 


ccore 


S 


T total 
^(NVSS) 


j^total 

(kpc- 


scale) 


T core 
(kpc- 


scale) 


j^total 
(pc-! 


icale) 


Size 






/aicmin— \ 
Scale ' 


'-scale 


/ arc sec- \ 
'-scale 


'■scale ' 


(1.4 GHz) 


(5 GHz) 


(5 GHz) 


(5 GHz) 


(log(size)) 




(Mpc) 




(mJy) 












(ergs s 


Hz 


') 










(pc) 


(1) 


(2) 


(3) 




(■5) 


(6) 




(V) 




(8) 




(9) 




(10) 


(11) 


Mrk 348 


59.6 


277.3 


346.0' 


310.3' 


163. 0^ 


1.2 


X 


1030 


1.5 


X 


1030 


1.3 


X 


1030 


7.0 


X 


102" 


1.76'" 


Mrk 1 


63.5 


70.8 


27.8 


24.1 


4.4 


3.5 


X 


lO^' 


1.4 


X 


102" 


1.2 


X 


102" 


2.1 


X 


1028 


< 2.30" 


MCG 8-11-11 


98.8 


228.3 


78.0 


23.6 


4.9 


2.7 


X 


1030 


9.1 


X 


102" 


2.8 


X 


102" 


5.9 


X 


1028 


3.22" 


NGC 2273 


23.9 


59.7 


22.0 


12.1 


6.3 


4.1 


X 


102« 


1.4 


X 


1028 


8.4 


X 


102' 


4.4 


X 


102' 


2.42" 


Mrk 78 


145.4 


35.0 


13.1 


8.9 


8.5 


9.2 


X 


1 n29 


2.8 


X 


1 n29 


2.3 


X 


in29 
10 


2.1 


X 


1 n29 
10 


3.43" 


Mrk 1218 


114.4 


63.6 


27.7 


18.7 


12.3 


1.0 


X 


1030 


3.9 


X 


102" 


3.0 


X 


102" 


1.2 


X 


102" 


2.85" 


NGC 2639 


43.8 


105.5 


85.8 


63.5 


39.5 


Z.J 


X 


102" 


1 Q 


X 


102" 


1 

1 .J 


X 


102" 




X 


1028 


< 2.14" 


NGC 4151 


12.0 


345.8 


120.0^ 


43. 03 


lO.O'' 


6.0 


X 


1028 


2.0 


X 


1028 


7.4 


X 


102' 


3.5 


X 


102' 


2.57''' 


Mrk 766 


51.7 


37.6 


17.9 


13.8 


3.6 


1.2 


X 


102" 


4.9 


X 


1028 


4.5 


X 


1028 


1.2 


X 


1028 


< 2.21" 


Mrk 231 


164.6 


282.9 


282.0^ 


270.0^ 


173.0^ 


9.6 


X 


1030 


5.9 


X 


1030 


5.5 


X 


1030 


2.3 


X 


1030 


< 2.37''' 


NGC 5135 


55.6 


190.0 


58.8* 


16.2*^ 




7.2 


X 


102" 


2.2 


X 


102" 


6.1 


X 


1028 








3.28'2 


Mrk 477 


149.2 


60.7 


27.3 


23.0 


8.1 


1.7 


X 


1030 


6.8 


X 


102" 


6.6 


X 


102" 


2.3 


X 


102" 


< 2.86'3 


NGC 5929 


35.8 


105.5 


34.4 


1.3' 


6.2 


1.6 


X 


102" 


4.9 


X 


1028 


2.0 


X 


102' 


9.8 


X 


102' 


2.78" 


NGC 7212 


106.6 


108.9 


31.0 


19.6 


7.0 


1.5 


X 


1030 


4.8 


X 


102" 


2.7 


X 


102" 


9.2 


X 


1028 


3.20" 


Ark 564 


94.9 


111 


11.4 


8.6 


3.2 


3.1 


X 


102" 


1.3 


X 


102" 


9.5 


X 


1028 


3.6 


X 


1028 


<2.59" 


NGC 7469 


63.5 


\(fl.l 


47.9 


22.0 


6.1 


8.3 


X 


102" 


2.1 


X 


102" 


1.1 


X 


102" 


3.0 


X 


1028 


2.93" 


Mrk 926 


183.8 


33.0 


9.0'* 


7.78 


5.0' 


1.4 


X 


1030 


3.8 


X 


102" 


3.3 


X 


102" 


2.1 


X 


102" 


3.07'^ 


Mrk 530 


118.3 


23.5 


10.2 


8.0 


8.6 


4.6 


X 


102" 


1.6 


X 


102" 


1.4 


X 


102" 


1.5 


X 


102" 


<2.67" 


Mrk 533 


114.4 




58.8 


38.2 


16.9 


3.3 


X 


1030 


9.7 


X 


102" 


6.2 


X 


102" 


2.7 


X 


102" 


3.02" 


NGC 7682 


67.4 


58.6 


22.6 


22.0 


11.5 


3.3 


X 


102" 


1.2 


X 


102" 


1.2 


X 


102" 


5.0 


X 


1028 


< 2.49" 



References. — (I) Nov 1996, VLA 8.4 GH z measurement jXhean et aU I200IO: (2) Apr 1995, VLBA 8.4 GHz measurement (Baivainis & Lonsdald 

[1993) : (3) Mar 1980, VLA 5.0 GHz measurement ('Johnston et al.l|I982D; (4)"Mav/Jun 1996, VLBA 5.0 GHz measurement 1 Ulvestad et al,.. 1998J; (5) Dec 
1996, VLA 5.0 GHz measurement Jjlvestad et al. 1999A); (6) Feb 1985, VLA 5.0 GHz measurement ( Ulvestad & Wilson 1989); (7) Mar 1989, MERLIN 
measurements and a\l^„ = 0.32; fSu et al. 1996); (8) May 1982, VLA 5.0 G Hz measurement jUlvestad & Wilson I9jj4Aj3 ); (9) Jul 1997, VLBA 8.4 GHz 
measurement (Mundelletal. 2000); (10) (Ungeretal. 1984); (II) Our (Lai, S hastri, & Gabuzdall2004l) measurements; (12) jUlvestad & Wilsocl 19891) ; (13) 
(Pedlar et al. 1993); (14) ( Kukula et al. 1995); (15) ( Ulvestad & Wilson 1984A). 

Note. — Col. (I), source name; col. (2), distance to the source assuming a cosmology with Ho = 75 km s"' Mpc"' and qo - 0; col. (3), total flux density on 
arcmin-scale at 1.4 GHz (NVSS; Condon et al. 1998); col. (4), total flux density on arcsec-scale at 5 GHz; col. (5), core flux density on arcsec-scale at 5 GHz; 
col. (6), core flux density on mas-scale at 5 GHz; col. (7), radio power on arcmin-scale at 1.4 GHz (NVSS; Condon et al. 1998); col. (8), total radio power 
on arcsec-scale at 5 GHz; col. (9), core radio power on arcsec-scale at 5 GHz; col. (10), core radio power on mas-scale at 5 GHz; col. (II), logarithm of the 
projected linear size on mas-scale at 5 GHz. 



dio Structures are much more common in Seyfert 2 than in 
Seyfert 1 galaxies in the far-infrared selected samples, as well 
as in the combined mid-infrared and optically selected sam- 
ple. They deduced this result based on significantly differ- 
ent detection rate of compact, high brightness temperature ra- 
dio structure. Their surprising result that far-infrared selected 
Seyfert 1 galaxies were detected less frequently than were 
Seyfert 2 galaxies is inconsistent with the standard unification 
scheme. The unified scheme would predict an equal fraction 
of detections for Seyfert 1 and Seyfert 2 galaxies. It is also the 
opposite sense of what is expected from alternative models in 
which Seyfert 1 galaxies are expected to have more energetic 
cores than Seyfert 2 galaxies. Also, even if the jets were rel- 
ativistically beamed, we would expect Seyfert 1 galaxies to 
show systematically more prominent compact radio emission 
than Seyfert 2 galaxies, since they are the face-on objects, and 
it is their jets that would be pointed towards us and therefore 

Doppler beamed; 

However, Ro v et al] (119941) invoked a model which attempts 
to reconcile their result with the unification scheme. They 
considered the radio optical depth due to the free-free absorp- 
tion of the NLR clouds which surround the radio emitting re- 
gions of the core and NLR, which is i n line with the model 
first proposed bv iNorris et al.l (I1992AI ). There could be two 
distinct mechanisms; (i) obscuration by the NLR and (ii) ob- 
scuration by individual NLR clouds that may contribute to the 
resulting radio appearance. These two mechanisms invoke 



free-free absorption by the NLR clouds, which is highly de- 
pendent on the geometry of the NLR, the opening angle of 
the cone (anisotropic escape of photons is in the form of a 
cone), and the filling factor In contrast to Roy et al.'s (1994) 
result, all 19 of our 20 sample sources for which VLB! obser- 
vations are available have compact features. We do not find 
any systematically different detection rate of compact struc- 
tures. We thus find that Seyfert 1 and Seyfert 2 galaxies have 
an equal tendency to show compact ra dio structures, in con- 
trast to the results of iRov et alj (119941) . Although we chose 
sources with core flux density > 8 mJy for the feasibility re- 
quirements, our result is thus consistent with the prediction 
of the simple unified scheme for such a Seyfert sample. Fig- 
ure|2}\ shows the distribution of brightness temperatures, Tb, 
of the brightest component detected at 5 GHz on mas-scales 
and Figure |2)3 shows the distribution of the ratio of flux den- 
sity detected on mas-scales, to that detected on arcsec-scales. 
Mann- Whitney U test shows that the two distributions (Fig- 
ures |2]\ and |2j3) are same at a significance level of 0.10. 
These distributions show that the brightness temperatures of 
the brightest component detected on mas-scales and the frac- 
tion of total flux density detected on mas-scales are not differ- 
ent for the two groups of Seyfert galaxies. Note that our pc- 
scale and kpc-scale data are simultaneous, and hence, the sta- 
tistically similar ratio of flux density detected on mas-scales to 
that detected on arcsec-scales for the two Seyfert sub-classes 
is not affected by possible radio variability in the compact ra- 
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dio flux densities in 15 out of 20 cases. This demonstrates 
that the fact that our detection rate is higher than Roy et al.'s 
(1994) is not just due to the higher sensitivity of the interfer- 
ometer we used. 

3.1. Pc-scale radio luminosities 

We derive the observed radio luminosity from the observed 
flux density Si, via 

= AnSAdf (l+z), 

cz(l + (z/2)) 

where a = , and we use 

Ho(l+z) 

Hq = 75 kms"' Mpc"^ and qo = 0. 

The values are given in Table |3] and Figure |2]Z! shows the dis- 
tribution of the radio luminosity detected on pc-scales for the 
two Seyfert sub-classes. The distribution shows that the pc- 
scale radio luminosities of the Seyfert 1 and the Seyfert 2 
galaxies are similar The Mann-Whitney U test shows that 
the distributions are statistically indistinguishable at a signif- 
icance level of 0.05. Thus the distribution of pc-scale radio 
luminosities of Seyfert 1 and Seyfert 2 galaxies are consistent 
with the unified scheme hypothesis. 

3.2. Kpc-scale radio luminosities 

Figure |3) shows the distribution of the radio luminosity 
detected on kpc-scales for the two Seyfert sub-classes. The 
Mann- Whitney U test shows that there is no statistically sig- 
nificant difference in the distribution at a significance level of 
0.10. The Mann- Whitney U test also shows that there is no 
statistically significant difference in the distribution of core 
(the component of the source which is the closest to the op- 
tical nucleus within errorbars) radio luminosity (Figure 03) 
on arcsec-scales for the two Seyfert sub-classes at a signifi- 
cance level of 0.10. Our results are thus consistent with the 
predictions of the unification scheme hypothesis and are also 
consistent with the results of Naaar et al.l(ll999 ) but are incon- 
sistent with Morganti et al. (1999), who found that Seyfert 2 
galaxies tend to be more luminous than Seyfert 1 galaxies at 
marginal significan ce. The NRAO VLA Sky Survey (NVSS, 
ICondon et al.lll998h radio observations are made at 1.4 GHz 
using VLA D configuration. All our sample objects have mea- 
surements made using this instrument. Figure ^ shows that 
the two histograms of Seyfert 1 and Seyfert 2 galaxies are 
statistically indistinguishable for total 1.4 GHz radio lumi- 
nosity on arcmin-scales at a significance level of 0.05 using 
Mann- Whitney U test, which is again consistent with the uni- 
fied scheme hypothesis. 

3.3. Projected linear sizes 

The linear sizes of Seyfert galaxies can be used to test 
the unification scheme because Seyfert 1 galaxies oriented at 
small angles to the line of sight should have systematically 
smaller linear sizes than Seyfert 2 galaxies in the plane of 
the sky. For the ir distance limited sample of Seyfert galaxies, 
iMorpanti et al.l ([l999) found Seyfert 1 to be of systematically 
smaller sizes than Seyfert 2 galaxies. This is consistent with 
the prediction of the unified scheme. We determine the pro- 
jected linear size of the source using 



Linear size = (angular size) x 



/ (cz)(l + (z/2)) 
V Ho 



for qo = 0. Here, c is the velocity of light, Hq is the Hubble 
parameter and z is the redshift of the object. We assume that 
the largest angular size of the source is the largest extent of 
the contour that is 5% of the peak surface brightness level, 
which is well above the noise level and use it to det ermine 
the linear radio size of the so urce. For Mrk 348 (Unger et al.l 
1984), NG C 4151, Mrk 23 1 (iKukula et alJll995l). NGC 5135 
tUlvestad & Wilsonll 1989b . and Mrk 926 jUlvestad & WilsonI 
ll984Ah . we measure their corresponding largest angular sizes 
directly from the published maps. Table |3]gives the projected 
linear size of the source along with the reference, and Figure 
|2]3 shows the distribution of projected linear size for our sam- 
ple of Seyfert 1 and Seyfert 2 galaxies. The Mann- Whitney U 
test shows that the distributions are not significantly different 
at a significance level of 0.10. It thus appears that the intrin- 
sic variation in the projected linear sizes is rather large and 
may swamp any systematic difference between Seyfert 1 and 
Seyfert 2 galaxies due to projection. Further, if the ISM of the 
host galaxy affects the propagation of a Seyfert galaxy radio- 
jet, the fact that our sample has a paucity of Seyfert 2 galaxies 
with jet direction perpendicular to the plane of the host galaxy 
and Seyfert 1 galaxies with their jets propagating in the plane 
of the host galaxy disk, may also contribute to reduce the sys- 
tematic differences in projected linear sizes between Seyfert 1 
and Seyfert 2 galaxies. 

We also show the scatter plot of the radio luminosity on 
kpc-scales versus the projected linear size in Figure |3] Includ- 
ing the upper-limits to the linear size, the correlation is signif- 
icant (Spearman's rank correlation coefficient = 0.91) for the 
Seyfert 1 and Seyfert 2 galaxies taken together Thus, even 
though we restricted the range of the intrinsic AGN power for 
our sample, we still find a sig nificant correlation of these two 
parameters, earlier no ted by lUlvestad & Wilson] (11989b and 
iMorganti et al (1999). Mrk 348 is one of our outliers, and 
is noted by Morganti et al. (1999); a projected linear size of 
5 kpc (Bau m et alJI 19931) for this source puts it closer to the 
correlation. 

3.4. Source spectral indices 

The unified scheme predicts that Seyfert 1 and 2 galax- 
ies arise from the same parent population of AGN, and the 
derived orientation-independent paramet ers should not s how 
significantly different distributions. Mor ganti et al.l(ll999h did 
not find significantly different distribution of spectral index 
for Seyfert 1 and Seyfert 2 galaxies. We use our observa- 
tions along with measurements at 2.0 cm, 3.6 cm, 6.0 cm and 
20.0 cm, preferably VLA A or B configuration observations 
(when not available we use coarser resolution measurements) 
to determine the spectral indices, a2()^l?Jn' '^6 cm™' '^3 6cm' 
of the total flux density emitted (core plus the extended radio 
emission) of the source. Table |4]gives the measured flux den- 
sities and the spectral indices for our Seyfert sample. Mrk 348 
and Mrk 23 1 show radio variability (Lal'' 2002b . iMundell et akl 
(2009) using VLA at 8.4 GHz have shown that five sources 
from their sample of 12 optically selected, early-type Seyfert 
galaxies show radio variability. In this regard, we have at- 
tempted to use data that were obtained as near in time as pos- 
sible to ours, and with angular resolution as close as possi- 
ble to ours when calculating spectral indices using our own 
data or data from the literature. Mrk 231 between 1.4 and 
5.0 GHz, Mrk 348 between 1.4 and 8.4 GHz, MCG 8-11-11 
between 5.0 and 15 GHz, and NGC 5929 between 1.4 and 
15 GHz show flat spectrum {a < 0.4) radio cores. Figure|2H 
shows the distribution of the source spectral index, q;2o'^J!Jj, be- 
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Fig. 2. — Histograms showing distributions of brightness temperature, Tb, of the brightest component detected on mas-scales (A), ratio of 
the flux density detected on mas-scales to the flux density detected on arcsec-scales (B), total radio luminosity (ergs s^'Hz"') on mas-scales 
(C), total radio luminosity (ergs s^'Hz"') on arcsec-scales (D), core radio luminosity (ergs s^'Hz"') on arcsec-scales (E), total radio luminosity 
(ergs s^'Hz"') on arcmin-scales at 1.4 GHz (F), projected radio linear size (pc) on arcsec-scales; arrows denote objects that are unresolved (G), 
spectral indices between 1.5 and 5 GHz; the spectral index between 1.5 and 8.4 GHz is used for Mrk 348, denoted by asterisk (H), and the 
fraction of the total radio flux density detected on mas-scales as against the extended radio emission, R (I). 



tween 1.5 GHz (or 1.4 GHz) and 5 GHz (except for Mrk 348, 
where it is plotted between 5.0 GHz and 8.4 GHz). The Mann- 
Whitney U test shows that the distributions are statistically 
indistinguishable at a significance level of 0.02. Our result at 
the stated significance level is consistent with the prediction 
of the unified scheme, which does not have any preference for 
either kind of Seyfert galaxies to show flat/steep source spec- 
trum. 

3.5. Relativistic beaming in Seyfert galaxies? 

In radio loud objects when the emitting plasma has bulk 
relativistic motion relative to a fixed observer, its emission is 
Doppler enhanced or beamed in the forward direction (in the 
fixed frame), a direct consequence of the transformation of 
angles in special relativity. An observer located in or near 
the path of this plasma sees much more intense emission than 
if the same plasma were at rest. Strong relativistic beaming 
is thought to explain the superluminal motion and high lumi- 
nosities that characterize blazars (Blandford & Rees 1978|). If 
present in blazars, it may also be present in other AGNs where 
the rad io- jet is pointed close to th e line of sight of the ob- 
server. iBlandford & Koni"gil (Il979h formulated the theory of 
bulk relativistic motion for a two-component "jet version" of 



the original model, and explored some of the consequences. 
In this model, the radio emission originates within a colli- 
mated supersonic jet that supplies the extended radio lobes 
with mass, momentum and energy. The required in situ ac- 
celeration of the emitting particles is achieved by means of 
mildly relativistic shocks propagating into the plasma and 
confined to a jet. The "fixed" component observed in the VLB! 
observations is identified in this model with the base of the jet. 
One of the direct consequences of this bulk relativistic motion 
is that when the motion is in directions close to the line of 
sight, the observed radio flux density is apparently enhanced 
due to Doppler effects. The observed flux density 5obs of the 
jet at a frequency v is related to the emitted flux density 5em 
that would be observed in the comoving frame at the same 
emitted frequency v as 



f^obs 



D, the Doppler factor, is the ratio of observed to emitted fre- 
quency and is given by 



D = "f-'(i--cosey 

c 
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TABLE 4 

Source total flux densities and spectral indices; we define the spectral index a in the sense thatS,^ oc v^°', where 5„ and u 

ARE FLUX DENSITY AND FREQUENCY, RESPECTIVELY. 



Total flux density 



Spectral index (total) 



Obiert 


GHz 


55.0 GHz ^8,4 GHz 
(mJy) 


'^IS GHz 


_,3.6 cm 
"20 cm 


„6 cm 
"20 cm 


^3.6 cm 
"6 cm 


Q,2 cm 
3.6 cm 


Rcf G rcnc c s 




Mrk 348 


302.2 




238.0 




0.14 








1.5GHZ-1, 8.4GHZ-1 




Mrk 1 


68.0 


27.65 


15.4 




0.86 


0.75 


1.13 




1.5GHZ-2, 5.0GHZ-3, 8.4GHz-4 




MCG 8-11-11 


180.0 


75.76 


38.4 


20.0 


0.90 


0.72 


1.31 


1.13 


1.5GHZ-5, 5.0GHZ-3, 8.4GHz-4, 15GHz- 


6 


NGC 2273 


52.0 


19.92 


10.2 




0.95 


0.80 


1.29 




1.5GHZ-1, 5.0GHZ-3, 8.4GHz-l 




Mrk 78 


31.0 


10.46 








0.90 






1.5GHZ-7, 5.0GHZ-3 




Mrk 1218 


65.0 


24.04 








0.83 






1.5 GHz-6, 5.0GHZ-3 




NGC 2639 


104.0 


54.50 








0.54 






1.5GHZ-8, 5.0GHZ-8 




NGC 4151 


330.0 


120.00 


72.32 


23.9 


0.88 


0.84 


0.98 


1.91 


1.5GHZ-9, 5.0GHZ-9, 8.4GHz-10, 15GHz- 


-11 


Mrk 766 


39.3 


15.16 


8.68 




0.88 


0.79 


1.09 




1.5GHZ-1, 5.0GHZ-3, 8.4GHz-l 




Mrk 231 


280.0 


355.00 




< 284.0 




-0.20 






All measurements are from 12 




NGC 5135 


163.2 


58.80 








0.85 






1.5GHZ-8, 5.0GHZ-8 




Mrk 477 


60.7 


24.39 








0.76 






1.5 GHz-NVSS, 5.0GHZ-3 




NGC 5929 


64.7 


31.74 


16.75 


9.0 


0.78 


0.59 


1.23 


1.07 


All measurements are from 13 




NGC 7212 


108.8 


33.94 


> 9.0 






0.97 






1.5 GHz-NVSS, 5.0GHZ-3, 8.4GHz-14 




Ai-k 564 


27.7 


11.30 


7.0 






0.74 


0.92 




1.5 GHz-NVSS, 5.0GHZ-3, 8.4GHz-4 




NGC 7469 


134.0 


43.56 


15.97 


8.0 


1.23 


0.93 


1.93 


1.19 


1.5GHZ-5, 5.0GHZ-3, 8.4GHz-10, 15GHz- 


-15 


Mrk 926 


33.0 


9.00 








1.07 






1.5 GHz-NVSS, 5.0GHZ-16 




Mrk 530 


23.5 


9.17 


3.26 






0.78 


2.00 




1.5 GHz-NVSS, 5.0G//Z-3, 8.4GHz-10 




Mrk 533 


160.0 


60.37 


39.77 




0.81 


0.81 


0.80 




1.5GHZ-5, 5.0GHZ-3, 8.4GHz-10 




NGC 7682 


61.6 


22.21 


13.46 




0.88 


0.84 


0.97 




1.5GHZ-17, 5.0-3, 8.4GHz-10 




References. — (I) Nagar et al. (1999); (2) de Brayn & Wilson' i' 1 976); 
Qjlvcstad & Wilson ( 1986); (7) Ulvestad & Wilson ( I984A); (8) Ulvestad & Wilson 


3) Lai, Shastri & Gabuzda (2004); (4) Sciimitt et al.' (2001); (5) Un.ser et al." fT98^ 
1989); (9) Johnston et al. ( 1982); (10) Kukula et al. : 1995); (11) Wilson & Ulvestad : 19 


(6) 
H; 



(12) iUlvestad et aUa999A) ; (I3) .Su etal.tl996) ; (I4) .Falcke, Wilson, & Simpson, tI99&) ; (I5) iWilson et ahtl991B ; (16) i Ulvestad & Wilson U984A) ; (17) iEdelsonitl987j) . 



where is the angle of inclination of the direction of bulk 
relativistic motion to the line of sight, v is velocity of the flow, 
and 7 is the Lorentz factor. In this model, wherein the radio 
core component is constituted of relativistically moving sub- 
components, the observed flux density would be enhanced by 
Doppler effects for directions close to the line of sight. 

Seyfert galaxies show radio emitting jet-like structures on 
small scales which appear to be the low-power analogues 
of jets seen in radio powerful AGNs ( Nagar et al. 1999, and 
references therein). If this AGN-linked radio emission orig- 
inates from plasma with sub-relativistic bulk motion, the 
unified scheme would predict that Seyfert 1 and Seyfert 2 
galaxies should have similar radio morphologies on all scales 
and it would be independent of orientation of the Seyfert 
galaxy. But, if this radio emitting plasma has mildly relativis- 
tic bulk speeds (Bicknell et al. 1998; Ulvestad et al. 1999Bt), 
the unified scheme would predict that Seyfert 1 galaxies, in 
which the radio axis is oriented close to the observers line of 
sight, should show mild Doppler beaming of the radio cores, 
whereas Seyfert 2 galaxies should not exhibit such behavior. 
So far, all the relativistically boosted jets with superluminal 
motion have only been detected in ra dio-loud obiects, excep t 
for the Seyfert 1 galaxy. 111 Zw 2 (iBrunthaler et al.l 120001). 
Ill Zw 2 is a Seyfert 1 galaxy that conforms to our definition of 
Seyfert galaxies and is the first detection of superluminal mo- 
tion in a Seyfert nucleus in a spiral galaxy. Observatio ns of the 
two Seyfert galaxies, Mrk 348 and Mrk 23 1 by iUlvestad et al.l 
(|l999B), showed sub-relativistic expansion in them. 

In radio-loud AGN, the core flux density is Doppler en- 
hanced due to relativistic beaming, while the extended flux 
density (the flux density of the lobes in radio-loud objects) is 
not enhanced. Therefore, the ratio of the core and extended 
flux d ensities becomes a beaming indicator (Kapahi & Saikia 
Il982h . We define an analogous parameter 7? for Seyfert galax- 
ies as 

5. 



where Su compact is the flux density that we measure on pc- 
scales and Si, ext is defined as the difference of the total flux 
density detected on kpc-scale and the flux density detected on 
pc-scales. If the detected pc-scale emission is coming primar- 
ily from ejected plasma close to the nucleus, then by compar- 
ing the pc-scale radio emission with the kpc-scale extended 
emission for the two classes of Seyfert galaxies, one could test 
the relativistic beaming hypothesis. Due to the availability of 
simultaneous arcsec-scale data (VLA) for our sample objects, 
we are able to test for the presence of beaming without wor- 
rying about possible radio variability (Mundell et al. 2009i) in 
the compact radio flux densities in 15 out of 20 cases. For 
the rest of the sample objects (which are not observed by us) 
we use measurements on pc-scales and kpc-scales which are 
made at epochs as closely spaced in time as possible (see Ta- 
ble [3]i. Figure |2][ shows the distribution of the ratio of the 
core and extended flux densities, R for the two Seyfert sub- 
classes. Mann- Whitney U test shows that the distributions are 
not significantly different at a level of 0.10. In other words, 
the compact structures detected on pc-scales are not boosted 
in Seyfert galaxies. 

3.6. Seyfert nuclei: Starburst or accretion-powered central 

engine ? 

A key question is, weather a compact starburst alone power 
Seyfert galaxies, thus not requiring the presence of a super- 
massive black hole in their nuclei. Powerful circumnuclear 
starbursts have been unambiguously identified in 40 per cent 
of nearby Seyfert 2 galax ies (Cid Femandes et al. 2001 , 2004!; 
iGonzalez-Delgado et alJ 179981 i2001l: iHeckman et al.h 2001). 
These starbursts were originally detected by means of either 
ultraviolet or optical spectroscopy of the central few 100 pc. 
Several spectroscopic works have detected features of young 
and intermediate age stellar population ([H eckman et al. 199] 



R = 



compact 



f 



Gonzalez-Delgado et alj|1998ll200ll; [Storchi-Bergman n et al] 
2000) . suggesting that these populations are significant, if not 
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Fig . 3 . — Scatter plot of projected linear size (pc) versus radio lumi- 
nosity on kpc-scales (ergs s^'Hz"'); symbols o, □, *, and o denotes 
resolved Seyfert 1, resolved Seyfert 2, unresolved Seyfert 1, and un- 
resolved Seyfert 2 galaxies respectively. 

dominant, in the nuclear region of many Seyfert 2 galaxies. 
Therefore, on a local scale, evidence is mounting that star for- 
mation and nuclear activity are linked. Two possible evolu- 
tionary progr essions can be predicted: H Il/Starbu rst galaxies 
— »■ Seyf ert 2 (IStorchi-Bergmann et a l.'^Ol : Kauffmann et alJ 
l2003AllBh . or a fuller scenario of H Il/Starb urst galaxies — »■ 
Seyfert 2 -» Seyfert 1 (iHunt & MalkaniJ999l:lLevenson et alJ 
120011: iKrongold et alj|2002h . These predict that galaxy inter- 
actions, leading to the concentration of a large gas mass in the 
circumnuclear region of a galaxy, trigger starburst emission. 
Then mergers and bar-induced inflows can bring fuel to a cen- 
tral black hole, stimulating AGN activity. While emission 
from the hot stars in the torus might account for the featureless 
continua in Seyfert 2 galaxies ( Cid Femandes & TerlevichI 
[1995; Gonzalez-Delgado et al. 199^7 starbursts cannot pro- 
duce the necessary collimation to form radio jets. The ex- 
istence of radio jets is, therefore, often used as an indica- 
tion of the presence of a black hole and the accretion disk. 
Although some Seyfert gal axies are now knq v vn to possess 
strikin gly collimated jets (iNagar et al.l 119991: iKukula et alj 
I1995L etc.), the resolution of the radio images is often 
insufficient to demonstrate the high degree of collimation 
seen in radio galaxies and radio-loud quasars. For ex- 
ample, although Arp 220 shows a "double-structure" on 
kpc-scales, pc-scale observations have revealed 13 faint 
sources in one of the components of the double, interpreted 
as radio supernovae (Sm ith, Lonsdale. & Lonsdale 1998). 
ISmith. Lonsdale. & Lonsdale! (11998 ) show that these radio su- 
pernovae are of the same class a s radio supernova 1986J ob- 
sei-ved in the disk of NGC 891 (iRupen et al■lll987^ : Type II 
radio supernovae with luminosities of order 10^^ ergs s"'Hz"' 
and exponential decay time of 3 yr The number of radio su- 
pernovae observed in Arp 220 would require a massive star 
formation rate of 70 Mq yr"' ( jParra et al.ll2007h . 

A question that can be addressed with the help of 
the pc-scale and kpc-scale data for our Seyfert sam- 
ple dLal. Shastri. & Gabuzda .2004.) is whether the cores 



of Seyfert galaxies are primarily made up of radio su- 
pernovae. To examine whether compact starbursts alone 
can power Seyfert galaxies , we consider the follow- 
ing arguments. [Ci d Fernan ^s & TerlevichI ([1995) and 
iGonzal ez-Delga do et alJ (L1998) suggest that although emis- 
sion from hot stars in the torus might account for the feature- 
less continua in Seyfert 2 galaxies, starbursts cannot produce 
the necessary collimation to form radio jets. We note that 
elongated radio structures could be attributed to star forma- 
tion along the galactic plane of a Seyfert host galaxy if it is 
edge-on (e.g. M 82 a starburst galaxy, Muxlow et al. ( 1994)). 
In our sample, however this cannot explain any of the elon- 
gated structures, since the sample was selected so as to avoid 
edge-on host galaxies (ratio of minor to major axis of the 
host galaxy is greater than 0.5 for all our Seyfert sources), 
luivestad et al. ( 1999B), onpc-scales, confirmed that Mrk231 
and also Mrk 348 are jet-producing central engine systems. 
Thus, clearly all objects with elongated or "linear" radio struc- 
tures, viz., Mrk 348, MCG-8-11-11, NGC 2273, Mrk 78, 
Mrk 1218, NGC 4151, NGC 5135, NGC 5929, NGC 7212, 
Mrk 926, and Mrk 533 cannot be powered by a starburst 
alone. We now try to examine whether radio supernovae or 
supernova remnants in star forming regions can plausibly be 
retained as the explanation for those objects in the sample that 
do not show linear structure, viz. Mrk 1 and NGC 7682 which 
are essentially compact sources, and NGC 2639, Mrk 477, 
NGC 7469 and Mrk 530 which are dominated by a com- 
pact source but have low surface brightness extensions. Note 
that ISmith. Lons dale. & Lonsdald (1998) have argued that 
Mrk 23 1 cannot be powered by starburst alone. 

Although an individual supernova can have brightness tem- 
perature high er than the brightness temperature of a radio- 
quiet quasar (iRupen e t al. 19 87|), the mo st luminous known 
radio supernova, 1986J (IRupen et al.lll98 7). had a peak lumi- 
nosity of ^ 10^^ ergs s"'Hz~' at 5 GHz. Given that we have 
obtained pc-scale flux densities for all the Seyfert galaxies, 
we find that 0.2 to 240 (median value of around 10) of such 
supernovae would be needed to power them at 5 GHz (Ta- 
ble|5]i. Since the typical lifetime of such a supernova event is 
^ 1 year, to sustain the observed radio luminosities that we 
find, a supernova rate of j/sn ~ 0.2 to 240 yr"' is required. 
Such rates are in line with those required to powe r the lumi- 
nous radio-quiet quasar s in the starburst scenario (I Parra et alJ 
l2007t lTerlevi"chlll990 A''g). However, since our observed lu- 
minosities are on pc-scales, and we find evidence for one or 
several dominant compact components in all our 19 observed 
Seyfert galaxies, these supernovae must be localized within a 
few cubic parsec, correspon ding to a density 10^ times higher 
than that observed in M 82 ('Muxlow et al."1994'), a nd hig her 
than in the starburst model of Terlevich & Boyle (119931) by 
a similar factor Although the radio emission from starburst 
region consists of synchrotron radiation from SNRs plus ther- 
mal free-free emission from H II regions, the brightness tem- 
perature of suc h a region cannot exceed 10^ K at > 1 GHz 
dCondonll 1992b . Using the component size along with its flux 
density on mas-scales, we find that the brightness tempera- 
ture, Tb (Table IS, is in the range of - 0.4-7000 x 10*^ K 
for our Seyfert sample. We therefore conclude on the ba- 
sis of the high brightness temperatures (> 10**), small sizes 
(< 1 pc), and high supernova rates to explain the detected 
compact components, that starbursts alone cannot explain the 
observed radio luminosities in Seyfert galaxies. We can also 
rule out individual or a collection of extremely bright radio 
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TABLE 5 
Table showing the brightness 
temperature (tb) of compact bright 

COMPONENT AND THE SUPERNOVA RATES (i'sn) 
NECESSARY TO REPRODUCE RADIO EMISSION 
FOR OUR SAMPLE SOURCES. 



TABLE 6 
Table showing summary of the 
classification of the radio 
morphologies, and the number of sources 
seen on the two vla configurations for 

THE CFA SEYFERT galaxy SAMPLE. 





Tu 
1 b 


^SN 








Mrk348'- 


4.4 X 10' 


72 


Mrk 1 


2.2 X 10** 


2 


MGC 8-11-11 


4.4 X 10** 


6 


NGC 2273 


2.6 X 10** 


0.4 


Mrk 78 


6.1 X 10** 


21 


Mrk 1218 


2.8 X 10** 


17 


NGC 2639 


7.0 X lO" 


9 


NGC 4151 


3.7 X 10^ 


0.2 


Mrk 766 


2.8 X 10** 


1 


Mrk 231'* 


2.6 X 10'" 


240 


NGC 5135 


2.3 X 10** 


24 


Mrk 477 


2.3 X 10** 


24 


NGC 5929 


5.3 X 10** 


1 


NGC 7212 


3.0 X 10** 


10 


Aik564 


2.5 X 10** 


4 


NGC 7469 


3.8 X 10** 


3 


Mrk 926^ 


9.7 X 10^ 


22 


Mrk 530 


5.9 X 10** 


15 


Mrk 533 


4.3 X 10** 


28 


NGC 7682 


2.9 X 10** 


5 
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supemovae as an explanation for the compact emission from 
the Seyfert galaxies. 

3.7. CfA Seyfert galaxy sample: Kpc-scale radio morphology 

The CfA Seyfert sample (iHuchra & Burglll992l) is drawn 
from 2399 galaxies in the CfA Redshift survey ("Dav is et af] 
[1983; Huchraetal. 1983) and consists of 48 objects (24 
Seyfert 1.0 & Seyfert 1.5, 4 Seyfert 1.8, 4 Seyfert 1.9, and 
15 Seyfert 2.0) chose n solely on the basis of strong emission 
lines in their spectra. iKukula et alJ (119951) made observations 
of the optically selected complete spectroscopic sample at 
8.4 GHz with the VLA in A and C configuration in 1991 June 
and 1992 April respectively, and the observational results of 
the sample along with individual source morphology, radio 
maps, flux densities, etc. have been presented in their paper. 
Note that the unresolved optical nucleus of a Seyfert grows 
fainter with the square of distance, whilst the surface bright- 
ness of its host galaxy remains constant over a constant aper- 
ture. In other words, in this sample, the ratio of the two com- 
ponents (the host galaxy to the active nucleus surface bright- 
ness) is highly variable. Nevertheless, as it has a larger num- 
ber of objects than in our sample, w e therefore use it to test the 
unified scheme hypothesis. We use'Kukula et alJ (11995 ) data 
and plot the distribution for Seyfert 1 galaxies (Seyfert 1.0, 1.5 
and 1.8) and Seyfert 2 galaxies (Seyfert 1.9 and 2.0) to com- 
pare radio luminosities, projected linear sizes, and relativistic 
beaming. Note that, as per our definition, Seyfert 1 galaxy 
has Doppler widths of H/3 (or Ha) emission lines greater than 
1000 km s"', whereas Seyfert 1.9 and 2.0 do not (Seyfert 1.9 
shows faint Ha and not H/3). 

3.7.1. Radio luminosity comparisons 

Almost all the objects in this well defined sample were de- 
tected at radio wavelengths (39 of the 48 by VLA A array and 
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not detected 


8 


6 
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17 


20 
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5 


9 
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14 
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1 


1 
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References. — (n[u ivestad & -Wilson 1 1984 A); (2) 
lUlvestad & Wilsorf (1984A|) : (3) ,Ulvestad & Hg qOOlh . 

42 of the 48 by VLA C array), so it is valid to test for the distri- 
bution of total VLA A array and VLA C array radio luminosity. 
FiguresHK andllJj show the distributions of the total detected 
radio luminosities by VLA A array and by VLA C array con- 
figurations, respectively. It suggest that there is a decent simi- 
larity in the two distribution for Seyfert 1 and Seyfert 2 galax- 
ies. We use the Mann- Whitney U test to test the hypothesis 
that the two distributions of total radio luminosities detected 
using VLA A configuration and VLA C configuration are sim- 
ilar. The results of this test indicate that the distribution of 
Seyfert 1 and Seyfert 2 galaxies are similar at a significance 
level of 0. 15 for the CfA Seyfert sample using both VLA array 
configurations at 8.4 GHz. We also compare the distribution 
of the extended radio luminosity, corresponding to the differ- 
ence of the flux density detected by the VLA C and VLA A 
array shown in Figure gjZ!. The Mann- Whitney U test gives 
a significance level of 0.20 that the distribution of Seyfert 1 
and Seyfert 2 galaxies are same. This significance level is not 
high enough to demonstrate statistically that the distributions 
are the same, but it does not contradict the possibility that they 
are the same. We thus conclude that the distributions of the ra- 
dio luminosity of Seyfert 1 and Seyfert 2 galaxies for the CfA 
Seyfert sample at 8.4 GHz are probably similar at all scales 
and is consistent with the predictions of the unified scheme. 

3.7.2. Projected linear sizes 

Table |6] summarizes the classification of the radio mor- 
phology f or the CfA Seyfert galaxy s ample, following the 
scheme of lUlvestad & WilsonI (I1984B|) . The numbers in the 
con-esponding columns in the Table shows the number of 
sources se en o f the kinds men t ioned in Ulvestad & Wilsoi] 
(I1984AIBI) and lUlvestad & Hoi (1200 Ih on each VLA config- 
uration. The Seyfert galaxy samples used for the compari- 
son are (i) Markarian, based o n ultraviolet-excess selectio n 
criteria containing 29 sources (Ulvesta d & WilsonI [T984AI) : 

(ii) distance-limited, heterogeneous sel ection criteria con- 
taining 57 sources (Ulve stad & WilsonI [T984BI 11989): and 

(iii) Palomar, optical selection criteria conta ining 45 sources 
(Ho & Ulvestad 2001: lUlvestad & Holl2001l) . As compared to 
1 Wilson, (il99 1). Kukula et al.'s (1995) measurements show a 
higher fraction of unresolved sources and a lower fraction of 
galaxies with diffuse/linear radio emission. This result may 
be due to an observational bias; these observations are not as 
sensitive to diffuse, extended, s teep spectrum emission a s are 
the 20 cm VLA observations of lUlvestad & WilsonI ( [T989i) . 

We use angular sizes tabulated in Kukula et al .'s (1995) pa- 
per along with our formulation in Section 13.31 to determine 
the hnear size and plot the distribution of linear sizes de- 
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Fig. 4. — Histograms showing distributions of total detected radio luminosity (ergs s 'Hz ') for the CfA Seyfert sample at 8.4 GHz using 

VLA A array; arrows denote undetected objects (A), the radio luminosity (ergs s^'Hz"') for the CfA Seyfert sample at 8.4 GHz using VLA C 
array; '*' and '#' denote an error of ~ 20% m flux density calibration for Seyfert 1 and 2 galaxies respectively; arrows denote undetected objects 

(B), the total extended radio luminosity (ergs s^'Hz"') for the CfA Seyfert sample at 8.4 GHz; single-headed arrow indicates non-detection on 
VLA A configuration and double-headed arrow indicates non-detection on both the configurations (C), projected linear size (pc) of the source 
as measured by VLA A array for the CfA Seyfert galaxy sample at 8.4 GHz; arrows indicate unresolved objects (D), projected linear size (pc) 
of the source as measured by VLA C array for the CfA Seyfert galaxy sample at 8.4 GHz; '#' for an object in a bin denotes the VLA A array 
linear size for it, and arrows indicate unresolved objects (E), and fraction of the radio core flux density detected by VLA A array as against the 
extended flux density, R for the CfA Seyfert sample at 8.4 GHz (F). 



rived from VLA A array shown in Figure HP and VLA C 
aiTay shown in Figure measurements for the two classes 
of Seyfert galaxies (arrows denote the upper limits to the 
sizes). The Mann- Whitney U tests show that the two distri- 
butions are statistically distinguishable at a significance level 
of 0.10 and 0.05 for the linear projected sizes of the two 
classes of the Seyfert galaxies on the basis of VLA C array 
and VLA A array measurements, respectively. We thus be- 
lieve that Seyfert 2 galaxies tend to show larger projected lin- 
ear sizes than Seyfert 1 galaxies when found using VLA A 
configuration and VLA C configuration, and this is consistent 
with the unified scheme^ This is also consistent with the result 
obtained bv lMorganti et ai.l ( 119991) . 

3.7.3. Relativistic beaming 

To investigate relativistic beaming, we use the distribution 
of the ratio between the possibly beamed and extended radio 
flux densities. We assume that the emission associated with 
the difference of the emissions between VLA C and VLA A 
configurations would not be Doppler boosted and we call this 
as an extended emission. The VLA A configuration measure- 
ment probes structures on scales smaller than VLA C con- 
figuration and we use VLA A configuration emission as the 
one which would suffer from Doppler boosting if beaming is 
present. Figure |4f shows the distribution of the ratio R (de- 
fined in Section 3.5), of the two, VLA A configuration emis- 
sion to the extended emission as an indicator of relativistic 
beaming. The Mann- Whitney U test is not conclusive about 
whether the distributions are the same or not at a significance 
level of 0.25. Note that the two observations, VLA C and 
VLA A array for the CfA Seyfert sample, are not simultaneous 
as they were for our Seyfert sample, and we have discussed 



earlier that Seyfert galaxies show radio variability. Further- 
more, here the distiibution of R and its statistical significance 
does not actually compare the flux density detected on pc- 
scales against the extended emission and hence is not really 
a measure of relativistic beaming. But nevertheless we use it 
as an indicator to probe the boosting of core flux density in 
Seyfeit galaxies. Since it is equally likely that the distribu- 
tions obtained here are either same or different, and consider- 
ing also the results based on our Seyfert sample, we conclude 
that Seyfert galaxies do not show relativistic bulk motion in 
their nuclei. 

4. CONCLUSIONS 

Unification of Seyfert 1 and Seyfert 2 galaxies has been 
attempted by various authors in the past. Their radio emis- 
sion has been extensively studied at ^ arcsec-scales, but at 
mas-scales a systematic study has not been done before. We 
carefully selected and made a list of 20 Seyfert galaxies that 
are matched in orientation-independent parameters which are 
measures of intrinsic AGN power and host galaxy properties. 
Additionally, the sample met the feasibility requirements, i.e., 
each sample source had a detectable compact core component 
at arcsec-scale resolution with flux density greater than 8 mJy 
at 5 GHz. This sample was used to test the unification scheme 
hypothesis rigorously by observing it at pc-scales. Although 
these results are based on a small sample size, these are valu- 
able data for the faintest and least luminous radio cores of 
AGN using Global-VLBI. 

Using our measured radio flux densities of the pc-scale and 
kpc-scale structures for Seyfert galaxies and their derived de- 
tection rates, radio luminosities, spectral indices, and pro- 
jected linear sizes, we find that; (i) A starburst alone can- 
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not power these radio sources because, they have high bright- 
ness temperature, and the core radio luminosity at 5 GHz is 
^ 10^^ ergs s"'Hz~' and arises from a region smaller than 
a few cubic pc. (ii) Our sample of Seyfert 1 and Seyfert 2 
galaxies have equal tendency to show com pact radio struc- 
tures, in contrast to the results of i Rov et al.l (11994 ). who con- 
cluded that compact radio structures were much more com- 
mon in Seyfert 2 galaxies than in Seyfert 1 galaxies, (iii) The 
distributions of pc-scale and kpc-scale radio luminosities are 
similar for both Seyfert 1 and Seyfert 2 galaxies. This is con- 
sistent with the prediction of the unified scheme hypothesis, 
(iv) We do not find any evidence for relativistic beaming in 
Seyfert galaxies, (v) Although nuclei of Seyfert galaxies show 
a variation in their nuclear flux density (iMundell et al.ll2009h . 
our sample of Seyfert 1 and Seyfert 2 galaxies show similar 
distributions of source spectral indices, (vi) The unification 
scheme hypothesis predicts that Seyfert 1 galaxies oriented at 
small angles to the line of sight should have systematically 
smaller projected linear size than Seyfert 2 galaxies. The dis- 
tributions for Seyfert 1 and Seyfert 2 galaxies of our sample 
are not significantly different as would be expected in the uni- 
fied scheme. This could be mainly due to a relatively large 
spread in the intrinsic sizes. 

Additionally, from the radio ob servations of the CfA 
Seyfert galaxy sample (' Kukula et alj|T9"9 5) and the kpc-scale 
data from them, the radio luminosities, projected linear size, 
and the ratio of flux density detected on VLA A array config- 
uration and the extended emission detected on VLA C array 



configuration for the two classes of Seyfert galaxies are con- 
sistent with the unification scheme hypothesis. 
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